For actual materials, a substantial and continuous volume expansion from the liquid to the rarefied vapor surrounding the liquid vapor critical point may be possible by controlling the temperature and pressure, which allows us to study the M-NMtransition in fluid metals. In the expansion process the mean interatomic distance increases up to ten times larger than that at normal condition and the electronic properties change dramatically.
The evidence of the M-NMtransition with volume expansion has been obtained by the measurements of the direct-current conductivity for fluid Hg [1] , and fluid Rb and Cs [2] .
These fluid metals have been extensively investigated so far [3] because the critical temperatures and pressures are relatively low so that the physical properties can be investigated in the laboratory. It is widely known that the M-NMtransition in fluid Hg starts to occur when the density decreases down to 9 g cm"3larger than the critical density (critical data of Hg [4] :
7c=1478 C, /?c=1673 bar, pc=5.8 g cm'3) while monovalent metals such as fluid Rb and Cs undergo the M-NMtransition around the critical density.
It is interesting to study how atomic arrangements change with volume expansion. The volume expansion offluids is essentially caused by thermal effects, in which pressure is applied to suppress the boiling. The thermal expansion in fluids is different from that of crystals. In crystals the thermal expansion originates from the anharmonic nature of the vibration of constituent atoms and the crystal symmetry does not change during the thermal expansion, that is, the coordination number remains unchanged while the interatomic distance increases. In fluids the same type of expansion possibly occurs keeping the coordination number constant and increasing the interatomic distance. In addition, another one way may be possible in fluids, in which the coordination number decreases and the interatomic distance remains constant.
Recent structural investigations revealed that the latter type of expansion occurs in fluid Hg [5] , Rb [6] and Cs [7] . Fluid metals expand inhomogeneously as if atoms in the random array are taken away one by one, and appear to favor this way in which configurational entropy increases. This is the gross feature of structural changes in the expansion process from liquid to vapor. and density. In the present paper we review our advanced results of X-ray diffraction (XD), small angle X-ray scattering (SAXS) and inelastic X-ray scattering (IXS) measurements for fluid Hg focusing on the M-NMtransition. We discuss the relationship between the structural instability in the medium range and the M-NMtransition in fluid Hg.
Experimental
We performed energy-dispersive XD measurements for expanded fluid Hg using synchrotron radiation on the BL04B1 at SPring-8. The storage ring at SPring-8 was operated at 8 GeV with 100 mA during the present experiments. White X-rays were incident on the sample and the scattered X-rays were detected with a pure Ge solid state detector. The details of the experimental set-up are described elsewhere [1 1, 12] . SAXS measurements were carried out using synchrotron radiation on the BL04B2 at SPring-8. The details of the BL04B2 beamline are given in the literature [13] . For SAXS measurements, monochromatized X-rays of 38 KeV were incident on the sample and the scattered X-rays were detected with an imaging plate. An ionization chamber was put in front of the imaging plate before and after a SAXS measurement to measure the intensity of the transmitted X-rays for the absorption correction.
The details of the SAXS measurements are described elsewhere [14] . IXS measurements were carried out on the BL35XU beamline at SPring-8. At the present experiment, the energy resolution of about 3.Results
1 X-ray diffraction
The XD measurements were carried out for expanded fluid Hg for a wide temperature and pressure range up to 1540 C and 1949 bar along the saturated vapor-pressure curve, with densities ranging from 13.6 to 1.9 g cm"3. Figure 1 shows S(k) for fluid Hg, the most recent results [18] from liquid to dense vapor through the M-NMtransition and the critical density regions. The present results are of high quality compared with previous ones [5] . The use ofa new high-pressure vessel with seven windows for scattered X-rays enabled us to make data analysis more reliable.
In a previous paper [19] , we estimated the densities of fluid Hg from the measured temperature and pressure points on the phase diagram [4] . However, especially in the region near the critical densities, a small difference between the temperature of the sample at the position irradiated with X-rays and that of the position of the thermocouples would give a large deviation between the estimated density and the real one. We corrected the real density of the sample by measuring the absorption of X-rays or using the fact that the onset of the observed XD spectra is shifted to higher energy with increasing density. The details of data analysis are described in the literature [16, 18] . the first peak has an asymmetric shape, the first minimum is invariant in the region from 4 to 5 A, and the second peak is rather small. With increasing temperature and pressure, with decreasing density, the long-range oscillation of g(r) diminishes. The broadening of the first peak gradually occurs but no change of the peak position is observed and the asymmetry of the first peak remains at temperatures and pressures up to 1495 C and 1940 bar. While the first peak is observable even in the M-NM transition region, the second peak around 6 A is substantially damped. It should be noticed that the shape and the position of the first peak change when the density further decreases and the dense vapor region is approached.
3.2 Small angle X-ray scattering [20] . The absolute scale of SAXS intensity for fluid Hg was calibrated using SAXS intensity of compressed He gas. The electronic property of fluid Hg is known to be metallic at the densities from 13.6 to 1 1.4 g cm'3, where we observed no small angle scattering.
With decreasing density the electronic transport in fluid Hg changes to a diffusive character in the density region from ll to 9 g cm"J. The S(k) for small k starts to increase around 10 g cm'3
and it becomes gradually large with decreasing density. Clear SAXS signals were observed in S(k) around 9.0 g cm"3in the M-NMtransition.
When the critical density was approached with further decreasing density, critical opalescence was observed. We analyzed the spectra using the Ornstein-Zernike scattering formula [21] , S(k)= S(0) I (l+£2 k 2), where "t, is the correlation length of a density fluctuation and S(0) corresponds to fluctuations in a particle number (-<(/W)2/N>). and the shapes ofS(0) and £are very similar [22] . From these facts our data strongly hint that the SAXS intensity without pressure variation observed in 8 < p < 10 g cm"3 has an origin different from the critical opalescence.
Inelastic X-ray scattering
We succeeded in obtaining IXS spectra for expanded fluid Hg in the wide temperature, pressure and density range including the M-NMtransition and the liquid-vapor critical regions.
Selected IXS data at 13.6 and 9.0 g cm"3 are shown in Fig.6 taken from the most recent results [23] . The normalized spectra, S(k, co)/S(k), are plotted in the figure, where co is the energy transfer. The resolution function is shown by a broken curve at the bottom. The spectra at 13.6
g cm"3have a clear side peak around 10 meV at 0.87 A"1. The spectra at 13.6 g cm"3agree well with those reported by Hosokawa et al [24] . The spectra at 9.0 g cm"3 have a single peak and the side peaks are not distinct from the central one. Note that the central peaks at 3.71 and 4.68 A"1 are much broader at the M-NMtransition at 9.0 g cm"3 than at 13.6 g cm"3. We analyzed the data in the framework of generalized hydrodynamics [25] . The spectra were modeled as the sum of a Lorentzian at zero energy transfer, representing the thermal contribution, and a damped armonic oscillator (DHO) [26] for the sound mode with the statistical occupation factor.
We optimized parameters by convolving the model function with the measured resolution function and fitting to the data, as shown in Fig.6 . Peaks in the DHO term are well separated at 13.6 g cm"3. On the other hand, the DHO term at 9 g cm"3has a heavily damped profile even at the smallest k. This behavior suggests a much shorter lifetime of the sound modes at the M-NM transition. Hydrodynamics predicts that viscous liquids exhibit large damping of Brillouin peaks. Similarly, the large damping in the sound mode at 9 g cm"3 observed by IXS may be related to the large sound absorption observed in the M-NM transition in fluid Hg using ultrasonic technique [27] . Figure 7 shows the k dependence of the optimized excitation energy £2q(squares) at 13.6 and 9.0 g cm"3together with sound velocity (dash-dotted lines) obtained by the ultrasonic measurements [28] . Further, dispersion relations (dash-dotted lines) corresponding to 1 700 m sAat 13.6 gcm"3and 1500 m sA at 9.0 g cm"3, respectively, are shown. At 13.6 g cm*3, Qq at large k seems to follow the normalized second frequency moment <ao{k) (broken curves), given by O)o(kf = k%T tf/fjnSik)), where k& and m are the Boltzman's constant and a particle mass, respectively. Properly normalized integrals (closed circles) of S(k, a>) agree with S(k) obtained from XD [18] (solid curves) at 13.6 g cm'3, and S(k) from XD and small-angle X-ray scattering at 9 g cm"3, as indicated in the upper panels ofFig.7.
As seen in Fig.7 , at 13.6 g cm'3 i2bin the small k region disperses faster than expected from the adiabatic sound velocity and agrees with the dotted line of 1700 m s'\ The amount of deviation is about 17 %, in good agreement with previous work [24] . At 9.0 g cm"3, the positive deviation is much more pronounced and the effective sound velocity, vs(k) = Q^k, is estimated to be 1500 ± 200 m s'\ which is triple faster than the ultrasonic sound velocity [28] . When the width of the excitation peak is large, /%becomes higher than the peak energy in S(k, a>)/S(k) but almost corresponds to the peak energy in the current-current correlation function orS(k, co)/S(k).
We confirmed it by plotting the deconvoluted orS(k,co)/S(k) as shown in Fig.6 (c) . We plot the effective sound velocity estimated at 0.2 -0.43 A"1 as a function ofp in Fig.8 together with the ultrasonic sound velocity [28] . In the metallic region, the positive deviation becomes large with volume expansion and has a strong maximum at the M-NMtransition. With further volume expansion to the insulating state, the deviation becomes small. Thus, the large positive dispersion, or fast sound, is observed only in a close vicinity of the M-NMtransition. Note that weaddress the large positive dispersion observed in the present study as 'fast sound', but it may not be the same as the sound speed in high frequency limit defined by the viscoelastic theory on liquid dynamics.
4. Discussion Figure 9 shows the density variation of the coordination number N and the maximum position of g(r), r\, which gives the nearest-neighbor distance. To obtain N from g{r) for fluid Hg we employed two methods of integration as shown in the figure. In method A, the area up to r\ of 4n r2 nog(r) was integrated and doubled, where «o denotes the average number density offluid Hg. In method B, the area was integrated up to the first minimum position ofg(r), rmjn.
The coordination numbers Na and Nb obtained by methods A and B, respectively, are plotted in Fig. 9 . It should be noted that JVXgives the coordination number in the nearest region of the first neighbor, and Nb is that when the region of the first neighbor is taken as widely as These results appear to be consistent with those reported by Kaplow et al. [29] and may suggest that the local structure of a liquid near the melting point is related that of the crystal below the melting point. Comparing the result at 13.6 g cm"3with that at 9.1 g cm"3in Fig.10 , it is evident that the number of atoms coordinated at 3.0 A substantially decreases with decreasing density, while the decrease of the number at 3.6 A is small. These results suggest that during the first stage of volume expansion, Hg atoms are not randomly taken away one by one from the atomic position but especially from closer neighbors.
Also, the result suggests that the decrease of atoms coordinated at 3.0 A"1 is closely related to the M-NMtransition in fluid Hg.
The Reverse Mote Carlo modeling technique was applied to the X-ray diffraction data of expanded fluid Hg using in-house X-ray source [5] by Nield and Verronen [30] and Arai and
McGreevy [31] . Their analysis pointed out that the variation of the near neighbors at shorter and longer distance in the first coordination shell is important to understand the nature of the M-NM transition.
The suggestion by these studies is consistent with the results of the Gaussian fitting.
To understand the nature of the M-NMtransition in connection with the structural changes of fluid Hg, several band structure calculations were carried out for the hypothetical forms of crystalline Hg. One of the approaches whose principle was consistent with the present experimental results was that of Mattheis and Warren [32] . They assumed that the nearest-neighbor distance was constant, so the density variation in expanded fluid Hg was due entirely to the changes in the coordination number for crystalline Hg with fee, bec, sc and diamond structures. They found that the trend of the density dependence of the theoretically calculated density of states is in good agreement with that of the Knight shift in the density range down to about 9.5 g cm"3. However, it was found to be necessary to increase the lattice constant to fully open a gap between 6s and 6p bands.
For the understanding of the M-NMtransition in expanded fluid Hg taking places at a rather large density of9 g cm"3, it was pointed out that the density fluctuations near the critical point play an important role [33, 34] . By taking fluctuations in the local coordination number into account, Franz [35] showed that a band gap opens at the correct density of9 g cm"3. The model was based on the assumption that the average coordination number decreases linearly with decreasing density, but that the actual local coordination numbers would be randomly PVT-data and a thermodynamic relation. The specific heat ratio /calculated from their data was 1.2 at 12.4 g cm"3and 3.6 at 9.0 g cm"3. Similarly, using sound velocity, PVT data and the relation, y=%T /%s, where Xr '^tne isothermal compressibility, results consistent with those by
Levin and Schmutzler were reported [38, 39] . Thus the large y appears to represent macroscopic anomalies in the M-NM transition in fluid Hg. On the contrary, generalized hydrodynamics predicts that y approaches unity at k infinity limit [25] . Lower panels: Excitation energy, /^(squares), as a function ofk at (a) 13.6 and (b) 9.0 g cm".
Dash-dotted lines denote dispersions following ultrasonic sound velocity [28] . Also shown are the normalized second frequency moment, G)o(k) (broken curves) and dispersion (dotted lines) correspondingto 1700 ms~l at (a) 13.6 gcm"3and 1500 ms~] at (b) 9.0 gcm"3. p [g cm ' 3] 
